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Abstract: Novel bi-salt and tri-salt composite sorbents are developed, and expanded natural graphite 6 
treated with sulfuric acid (ENG-TSA) is integrated as the matrix with different mass ratios for heat 7 
transfer intensification. Tri-salt composite sorbent is mainly composed of Manganese chloride (MnCl2), 8 
Calcium chloride (CaCl2) and Ammonium chloride (NH4Cl) whereas bi-salt composite sorbent 9 
comprises Calcium chloride (CaCl2) and Ammonium chloride (NH4Cl). Sorption characteristics under 10 
non-equilibrium condition are investigated and compared with that under equilibrium condition. 11 
Results show that the sorption hysteresis can be alleviated by bi-salt composite sorbent and even 12 
eliminated by tri-salt composite sorbent. Based on testing results, multilevel sorption thermal energy 13 
storage (STES) is analyzed, which can greatly enhance the versatility and working reliability. It is also 14 
worth noting that the highest energy storage density of reaction heat is 1802 kJ/kg and 1949 kJ/kg for 15 
tri-salt and bi-salt composite sorbents, respectively. Performance of bi-salt composite sorbent is 16 
relatively close to the theoretical data, which indicates three main stages. Comparably, performance of 17 
tri-salt composite sorbent shows continuous variation with the increment of reaction temperature. The 18 
promising multilevel STES reveals the great potential for energy utilization of variable heat source 19 
such as solar power when compared with conventional heat storage methods.  20 
Keywords: Multi-salt, Non-equilibrium, Multilevel, Sorption thermal energy storage (STES) 21 
*Revised Manuscript with No Changes Marked
 
2 
 
Nomenclature 22 
A The effective area of ammonia in the evaporator/condenser (m2) 
Bi-salt Two kinds of sorbents 
c    Specific heat (J/(g.K)) 
g    Gravity acceleration (m/s2) 
HTS  High temperature salts 
LTS Low temperature salts 
MTS Middle temperature salts  
m Mass (kg) 
P Pressure (Pa) 
PCM Phase change materials 
Q Heat (J) 
R Gas constant (J/(mol.K)) 
STES Sorption thermal energy storage 
Tri-salt Three kinds of sorbents 
T Temperature (K) 
TES Thermal energy storage 
V  Volume of liquid ammonia (m3) 
x Sorption quantities（mol/mol） 
 23 
Greek letters 24 
ΔH Enthalpy difference (kJ/mol) 
ΔS Entropy difference (J/K) 
v’(Te) Specific volume of saturated liquid ammonia (m
3
/kg) 
  
Subscripts 25 
c Cross section 
de Desorption 
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eg ENG-TSA 
eq Equilibrium 
h  Heat 
ideal Ideal condition 
in Input 
m Metal 
NH3 Ammonia 
out Output 
R Reaction  
s Sorbent   
s,s Stainless steel 
salt Chloride 
 26 
1. Introduction 27 
Utilization of low grade heat is one of the main options to overcome the developing constraints with ever 28 
rising energy demands[1]. It is extensively acknowledged that thermal energy storage (TES) has played the 29 
leading role in efficient utilization of renewable energy such as solar energy, geothermal and industrial waste 30 
heat [2]. TES technology is able to overcome the disadvantages of time discrepancy, distance discrepancy and 31 
instability of renewable energy by adjusting mismatch between energy supply and demand[3]. Generally 32 
speaking, TES can be divided into three aspects, i.e. sensible heat storage by using concrete and pebbles etc., 33 
latent heat storage by means of phase change materials (PCM) and thermochemical energy storage[4].  34 
The aim of advanced TES system technologies is to seek for the high energy storage density which will 35 
result in the storage system more compact. Under this scenario, various researchers have made great efforts to 36 
investigate the efficient approaches for TES [5]. Sorption process, characterized as one common thermochemical 37 
process, has been extensively studied for refrigeration and heat pump system[6]. Likewise, sorption working 38 
process has been investigated for the possibility to be applied for TES in recent decades[7]. Since low grade heat 39 
is able to be stored in form of chemical bonds with thermochemical sorption process, the higher energy density 40 
can be obtained in comparison with conventional sensible heat and latent heat storage. Theoretically, owing to 41 
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the monovariant characteristic of equilibrium performance, sorption thermal energy storage (STES) has good 42 
adaptability to one stable heat source temperature [8]. Furthermore, based on a wide range of chemical 43 
sorbents[9], STES has the capacity of different working modes such as direct energy supply, energy upgrade, and 44 
combined cooling and heating supply, which could meet different needs of end users[10]. 45 
Nonetheless, with a variety of forms, energy sometimes varies with the time and place randomly. Solar 46 
energy is one good example of variable heat source[11]. It is quite difficult to store the heat with variable 47 
temperature through one certain kind of material within a large temperature slide. To deal with that, various 48 
researchers have investigated the cascaded energy storage materials as far as PCM technology is concerned. 49 
Peiro et al. [12] evaluated the advantages of using the multiple PCM instead of the single PCM configuration in 50 
TES systems. Results demonstrated an average enhancement of 19.36% could be obtained for multiple PCM in 51 
comparison with the single PCM configuration on the heat transfer fluid (HTF) temperature difference. Xu and 52 
Zhao [13, 14] investigated both steady and unsteady cascaded thermal storage system with multiple PCMs of 53 
different phase-change temperatures. It was indicated that the optimization of cascaded PCM enjoyed the higher 54 
exergy efficiency of heat utilization. Compared with multiple PCM technology, concept of the cascading STES 55 
just starts, which take the advantages of relatively less heat loss and higher efficiency. Li et al.[15] proposed a 56 
novel cascaded solar thermal battery on basis of the solid-gas thermochemical sorption materials. Results 57 
revealed that heat storage density was higher than 1200 kJ/kg through the novel energy storage method. However, 58 
the limited selections of reaction working pairs will restrict the further application of this cascading STES 59 
technology. It is noted that equilibrium reaction lines of the different sorbents are often used to analyze the 60 
performance of STES. The equilibrium sorption process is regarded as monovariant characteristic, which varies 61 
with temperature or pressure. Comparably, real sorption process is the non-equilibrium process, and it will cause 62 
the inaccuracy and limitation if performance of STES is analyzed based on the equilibrium condition. 63 
Researches have verified that the sorption hysteresis occurs on the non-equilibrium condition[16]. 64 
Non-equilibrium hysteresis phenomena would cause sorption process into a bivariate process, which require both 65 
temperature and pressure to determine the reaction process [17, 18]. Moreover, for multilevel STES, different 66 
kinds of sorbents will be mixed together to realize the low grade heat utilization with a large temperature range. 67 
Therefore, it is not suitable to analyze the performance of multilevel STES by the equilibrium reaction line of 68 
each sorbent because the mixture of several sorbents probably lead to some novel characteristics, which will 69 
either improve or hinder its application. 70 
There is less report about the multilevel STES technology which is regard as potential solution to the 71 
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problem of solar power storage and utilization. In this paper, multi-salt composite sorbent is developed, and 72 
desorption and sorption process are both investigated to analyze the sorption hysteresis phenomenon. Expanded 73 
natural graphite treated with sulfuric acid (ENG-TSA) is chosen as the matrix of sorbent, which has proved to 74 
enhance the heat and mass transfer performance [19]. On basis of the testing results, multilevel STES is 75 
developed and further analyzed to enhance the versatility and working reliability by widening the working 76 
temperature scope. 77 
 78 
2. Material characterization 79 
2.1. Development of multi-salt composite sorbents 80 
For multi-salt composite sorbent, MnCl2, CaCl2, NH4Cl are selected from high temperature salts (HTS), 81 
middle temperature salts (MTS), and low temperature salts (LTS). The thermochemical reaction process of these 82 
salts with ammonia can be referred to the Equations 1-5. To the simplified the description of thermochemical 83 
reaction process of different sorbents, phrases of MnCl2 6/2, CaCl2 8/4, CaCl2 4/2 and NH4Cl 3/0 are used in the 84 
paper. For example, MnCl2 6/2 represents the process in which MnCl2 ammoniate reacts with ammonia from 2 85 
moles to 6 moles. Details of multi-salt composite sorbents in developing process can be referred to the 86 
reference[20]. First, ENG-TSA is dried in the oven with controlled temperature of 120 
o
C. The different 87 
chlorides of MnCl2, CaCl2 and NH4Cl are dissolved in the water, sequentially. Afterwards, ENG-TSA is mixed in 88 
the salt solution. As the composite sorbent is mixed thoroughly, the mixture is transferred into an oven and dried 89 
7-8 h at the temperature of 160 
o
C. Finally multi-salt composite sorbent is compressed into block by the pressing 90 
machine for testing. 91 
Mass ratio of salt and compressing density are two major factors in the process of developing the multi-salt 92 
composite sorbent. The higher density and lower mass ratio of salt are, the lower permeability and the higher 93 
thermal conductivity become. It has been proved that ENG-TSA enjoys the desirable thermal conductivity with 94 
the reasonable permeability[21]. In this study, density of the multi-salt composite sorbents are all selected as 400 95 
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kg/m
3
 for testing. For bi-salt composite sorbent of NH4Cl and CaCl2, the mass ratio among NH4Cl, CaCl2 and 96 
ENG-TSA is 2:2:1. For tri-salt composite sorbent, the mass ratio among NH4Cl, CaCl2, MnCl2 and ENG-TSA is 97 
4:4:4:3. 98 
22 3 3 2 3
2 4 6 4 MnClMnCl NH NH MnCl NH H                       (1) 99 
22 3 3 2 3
2 2 4 2 CaClCaCl NH NH CaCl NH H                         (2) 100 
22 3 3 2 3
4 4 8 4 CaClCaCl NH NH CaCl NH H                         (3) 101 
44 3 4 3
3 3 3 NH ClNH Cl NH NH Cl NH H                          (4) 102 
3 3(gas) ( ) condNH NH liq H                            (5) 103 
 104 
2.2. Characterization methods 105 
For the non-equilibrium sorption/desorption testing, the experimental rig is shown in Fig.1. Fig.1a indicates 106 
the schematic of testing rig. As Fig.1a shows, the experimental rig is mainly composed of a refrigerant vessel, a 107 
sorption reactor, a differential pressure transmitter and several valves. The vessel plays the role of condenser or 108 
evaporator with ammonia as the refrigerant, which depends on the operation conditions. Temperature and 109 
pressure of sorption reactor and the vessel are controlled by three thermostat baths. Fig. 1b shows photo of the 110 
test rig. Although there are two sorption reactors in the real testing rig, only one sorption reactor is used for the 111 
testing. The Clapeyron lines and isobaric sorption/desorption lines are tested, separately. 112 
The testing procedures of Clapeyron lines are as follows: 113 
Sorption reactor is controlled at 180 
o
C by high-temperature thermostat bath, i.e. thermostat 2. Meanwhile 114 
the vessel is controlled at 25 
o
C. The large temperature difference can drive the sorption reactor to desorb 115 
completely. When the liquid level in the condenser becomes constant, the desorption process finishes. The vessel 116 
is controlled at 0 
o
C as the evaporator. The temperature of sorption reactor is slowly decreased for constant 117 
sorption. Then stop decreasing when the sorption quantities reach the set level. After that the sorption reactor is 118 
separated by the ammonia valves V1 and V3 from the vessel as the condenser/evaporator. The sorption reactor is 119 
heated and cooled alternately. The suitable decrease/increase rate of temperature for the sorption reactor keep 120 
1K/min, which have no influence on the Clapeyron lines. Data of temperature and pressure are recorded for 121 
analysis. The above procedures are repeatable and all the Clapeyron lines under different conditions can be 122 
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obtained. 123 
The testing processes of isobaric sorption/desorption lines are as follows: 124 
Sorption process: Open the valves V1 and V3 in Fig.1a. Keep the refrigerant vessel at a constant pressure 125 
by low-temperature thermostat bath i.e. thermostat 1, and control the temperature of sorption reactor decreasing 126 
from high temperature to environmental temperature slowly. The decrease/increase rate of temperature also keep 127 
1 K/min, and it will be further reduced to 0.5 K/min for some important temperature ranges when the sorption 128 
quantity changes fast. This is because too fast decrease/increase rate of the reactor temperature will miss some 129 
variation points of the sorption quantity. For each test point with predetermined refrigerant temperature and 130 
sorption temperature the fluid level in the refrigerant vessel is recorded by the smart pressure transmitter when 131 
the data doesn’t change for at least 6 minutes.  132 
Desorption process: By the similar way the reactor is heated from environmental temperature to desorption 133 
temperature slowly, and the data of the refrigerant level in the refrigerant vessel is recorded. The sorption 134 
quantity of sorbent is calculated by the refrigerant level in the vessel. 135 
Cycle sorption quantities are calculated as Equation 6. 136 
'( )1
(1- )
'( )
e c
salt c
v T A
x P
m v T g
  
      
  
                    (6) 137 
where △P is the pressure difference for the condensation and evaporation process (Pa), msalt is the sorbent mass 138 
(kg), V is the liquid ammonia volume in the refrigerant vessel (m
3
), g is the gravity acceleration (9.80 m/s
2
), v’(Te) 139 
is specific volume of saturated liquid ammonia (m
3
/kg), Ac is the effective area of cross section of ammonia in 140 
the evaporator / condenser (m
2
). 141 
  
(a)
 
(b)
 
  Fig.1. Test rig for sorption performance (a) schematic of testing rig; (b) photo of testing rig. 142 
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 143 
The sorbent mass is measured by the balance (BS2202S) with a measuring error of 0.01 g. The pressure 144 
difference between the vapor end and liquid end of the evaporator/condenser is tested by the smart differential 145 
pressure transmitter, whose testing error is 0.2%. According to Equation 7, the relative error of 146 
sorption/desorption quantity and cycle sorption quantity of different sorbent are 0.37% and 0.56%, respectively. 147 
  
  
1 '( ) / ''( ) ( / ) ( )
1 '( ) / ''( ) ( / ) ( ) / ''( )
e e csalt
salt e e c e
d T T A g pdmd x
x m T T A g p V T
 
  
    
   
        
   
（7） 
148 
 149 
3. Experimental results and discussion 150 
3.1. Sorption characteristic of single salt composite sorbent  151 
The Clapeyron lines and isobaric sorption/desorption lines of composite NH4Cl, CaCl2 and MnCl2 are 152 
shown in Fig. 2, which can be referred to our previous work[22]. Fig. 2a shows that the Clapeyron lines of three 153 
different composite sorbents whereas Fig.2b indicates the isobaric sorption/desorption lines. According to Fig.2a, 154 
it is indicated that the experimental non-equilibrium Clapeyron lines for MnCl2, CaCl2 and NH4Cl composite 155 
sorbent are parallel to theoretical line, but much different from the theoretical value. The more ammonia sorbed, 156 
the larger difference between the theoretical and experimental results. Such a result indicates that the 157 
experimental sorption/ desorption performance of different halides has binary variables of pressure and 158 
temperature other than single variable of pressure or temperature. As it is shown in Fig.2b, the sorption 159 
hysteresis phenomena is significant in the isobaric sorption/desorption processes of three different kinds of 160 
MnCl2-NH3, CaCl2-NH3 and NH4Cl -NH3 working pair.  161 
 162 
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 163 
(a)  164 
 165 
(b)  166 
Fig. 2. Performance of single salt composite sorbent under non-equilibrium conditions (a) Clapeyron lines; 167 
(b) isobaric sorption/desorption lines. 168 
 169 
3.2. Sorption characteristic of bi-salt composite sorbent  170 
Considering for the bi-salt composite sorbent, both temperature and pressure have been tested under the 171 
condition of different sorption quantities, and the results are compared with equilibrium Clapeyron lines of 172 
CaCl2 8/4, CaCl2 4/2 and NH4Cl 3/0, separately. Fig.3 reveal the Clapeyron lines of bi-salt composite sorbent 173 
under non-equilibrium conditions. For bi-salt composite sorbent, when the sorption quantity reaches in the 174 
vicinity of 4.6 mol NH3/mol salt, the line is close to the theoretical Clapeyron line of NH4Cl 3/0. That means 175 
sorption process of bi-salt proceeds thoroughly. Comparably, when the sorption quantity becomes as low as 0.7 176 
mol NH3/mol salt, the line is close to the equilibrium Clapeyron line of CaCl2 4/2, which means that this sorption 177 
process of bi-salt composite sorbent just begins. The bi-salt composite sorbent has the conformity with single salt 178 
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from the beginning to the end. 179 
 180 
 181 
 Fig. 3. The Clapeyron lines of bi-salt composite sorbent under non-equilibrium conditions. 182 
 183 
Fig. 4 indicates the isobaric sorption/desorption lines of bi-salt composite sorbent under different working 184 
pressure. As Fig.4a shows, one worthy noting fact is that one desorption stage begins at 24 
o
C and ends in 63 
o
C 185 
at 630 kPa pressure which is according to condensing temperature of 10 
o
C. These desorption temperatures are 186 
quite close to the equilibrium values, which demonstrates that both kinds of chlorides, i.e. CaCl2 and NH4Cl 187 
distribute well in the bi-salts composite sorbent. 188 
Similar conclusions can be obtained from Fig.4b, which show the isobaric sorption/desorption lines under 189 
the condition of 1046 kPa (i.e. 25
o
C condensing temperature). Compared with the performance of the single salt 190 
composite sorbent above, sorption hysteresis is much less significant. This phenomenon is mainly because the 191 
development of multi-salt composite sorbent can lower reaction heat, which is considered to be relevant with the 192 
hysteresis by various researchers[23]. Sorption, desorption and resorption process happen in the bi-salt 193 
composite sorbent, leading to the decrease of the reaction heat with their interaction. Therefore, multi-salt 194 
composite sorbent maybe a better choice for sorption refrigeration and thermal energy storage because it 195 
proceeds a continuous sorption process, which can fit the heat source better than the single salt. 196 
 
11 
 
  
(a) (b) 
Fig. 4. The isobaric sorption/desorption lines of bi-salt composite sorbent (a) 630 kPa; (b) 1046 kPa. 197 
 198 
3.3. Sorption characteristic of tri-salt composite sorbent 199 
Fig.5 indicates that Clapeyron lines of tri-salt composite sorbent under non-equilibrium conditions, which 200 
show the similar trends as bi-salt composite sorbent. The sorption quantity range from 1.4 to 4.9 mol 201 
ammonia/mol salt in accord with theoretical lines of MnCl2 6/2 and NH4Cl 3/0, respectively. The line of about 202 
2.6 mol NH3/mol salt conforms to the theoretical Clapeyron line of CaCl2 8/4. Another striking point is that the 203 
sorption and desorption process of one certain sorbent is more than monovariant, i.e. one temperature accords 204 
with one pressure. 205 
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Fig.6 shows the isobaric sorption/desorption lines of tri-salt composite sorbent. Results show that 208 
desorption temperature of each stage is quite close to the equilibrium value, which demonstrates that three kinds 209 
of chlorides, i.e. NH4Cl/3-0, CaCl2/8-4, CaCl2/4-2 and MnCl2/6-2 exist in the tri-salts composite sorbent. Still 210 
sorption hysteresis is even less significant than that of bi-salt composite sorbent and almost disappear in other 211 
words. As for the results among single salt, bi-salt and tri-salt composite sorbents, the more kinds of salts are 212 
mixed, the less sorption hysteresis phenomenon exists. This is mainly because more parts of the desorption heat 213 
and sorption heat will be neutralized while more resoprtion processes may happen and interact with each other. 214 
As Fig.6 shows, some parts of sorption and desorption process are almost overlapped due to lower reaction heat. 215 
.  216 
  
(a) (b) 
 Fig. 6. The isobaric sorption/desorption lines of tri-salt composite sorbent (a) 630 kPa; (b) 1046 kPa. 217 
 218 
 219 
4. Multilevel sorption thermal energy storage (STES) evaluation 220 
4.1. Cycle description  221 
Schematic diagram of the multilevel STES cycle is shown in Fig.7, which mainly consists of a reactor, a 222 
condenser and an evaporator. Fig.7a and Fig.7b indicate working mode and thermodynamic process of the 223 
multilevel sorption energy storage, respectively. Considering for the same condensing and evaporation 224 
temperature, different kinds of sorbents with cascading equilibrium reaction temperature from T1 to Tn (Tn>…> 225 
T2>T1) are filled inside the reactor by means of the developing method of multi-salt composite sorbent. The 226 
reactor and evaporator/condenser interact through mass transfer in gas channel. Two theoretical working 227 
processes are as follows:  228 
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(1) Desorption process of the reactor. In this heat charging process ammonia valve connected between 229 
reactor and condenser are open. The reactor is heated by low grade heat Qdes. Condenser is cooled by 230 
environmental heat sink. Ammonia will be desorbed according to the desorption temperature of each sorbent 231 
sequentially, and be condensed in the condenser, releasing the condensing heat Qcon to the environment. For 232 
thermodynamic process, point A is the isothermal and isobaric desorption process of sorbent with equilibrium 233 
temperature Td1 while point A’ is the isothermal and isobaric desorbing process of sorbent with equilibrium 234 
temperature Tdn. With the increment of reaction temperature, desorption processes sequentially happen from 235 
point A to point A’, and condensing processes for the refrigerant all take place at point B. 236 
(2) Sorption process of the reactor. After the desorption process, energy releasing phase starts as shown in 237 
Fig.7a. Similar as the desorption process, the reactor will adsorb ammonia from evaporator sequentially when its 238 
pressure is lower than that of the evaporator. Sorption processes of multi-salt sorbents release the energy and 239 
transport the heat to the heat exchange medium. For thermodynamic process shown in Fig.7b, isobaric and 240 
isothermal evaporating processes take place at point C. Point D is the isobaric and isothermal sorption processes 241 
of the salt with equilibrium temperature Ts1 while point D’ is the isothermal and isobaric sorption process of salt 242 
with equilibrium temperature Tsn. Sorption processes happen from point D’ to point D sequentially. 243 
 244 
 245 
(a) 246 
 247 
 248 
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 249 
 (b) 250 
Fig.7. Schematic diagram of multilevel sorption thermal energy storage (a) working mode;  251 
(b) thermodynamic process. 252 
 253 
Fig.8 shows the equilibrium isobaric sorption/desorption lines in term of single salt and multi-salt 254 
composite sorbents. Fig.8a shows one kind of single salt with three reaction stages. It can be noted that solid-gas 255 
reaction of single salt sorbent cannot fit the variable heat source well for efficient utilization. In contrast, if the 256 
multi-salt sorbent could be developed with more reaction stages as shown in Fig.8b, the heat source can be 257 
matched better, which can further improve the exergy efficiency of heat source. If the reaction stages tend to 258 
infinity, it will take the same trend as the heat source. 259 
 260 
  
(a) (b) 
Fig.8. The equilibrium isobaric sorption/desorption lines (a) single salt; (b) multi-salt. 261 
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Fig.9 indicates schematic diagram for multilevel STES system, which illustrates an example of real 262 
application of solar energy. The real multilevel STES system is composed of a reactor, a condenser, an 263 
evaporator, water valves, ammonia valves and some auxiliary equipment such as water tank and cooling tower. 264 
For energy charging process, the reactor is connected with the hot water tank which is heated by the solar 265 
collector with a variable temperature through pump 1, pump 2, V1 and V2. The condenser is cooled by the 266 
cooling tower through pump 3, V3 and V4. The refrigerant is desorbed from the reactor and flows to the 267 
condenser through AV 1. It will be condensed there, and flows into the evaporator. After that ammonia valve 268 
AV1, AV2 and AV3 are closed. For energy releasing process, the refrigerant evaporated from the evaporator will 269 
be sorbed by the reactor when opening the AV2. Sorption heat will be exchanged between the reactor and water 270 
tank through pump 4, V5 and V6. Finally, the heat will be supplied to the end user with different heat demands. 271 
Through multilevel STES system, the variable heat source can be stored to adjust the time and place discrepancy. 272 
The system can even realize the seasonal energy storage though the reaction heat of the sorbent if the proportion 273 
of reaction heat released to the total heat output is high enough[24].  274 
 275 
 276 
Fig.9. Diagram of real application for multilevel STES system by utilizing solar energy.  277 
 278 
 279 
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4.2. System evaluation  280 
The equilibrium temperature can be calculated according to Equation 8 as follows:  281 
eq
( ) R
eq
P H S
Ln
P RT R
 
                             (8) 282 
 283 
Total heat output is as follow: 284 
         
, ,
1 1 1
( )
in in in
out out out
out R S m
n n nT T T
k k sk sk egk egk s sk s sk
T T T
k k k
Q Q Q Q
H x c m dT c m dT c m dT
  
  
         
     (9)  285 
where QR, QS, Qm represent reaction heat, sensible heat of sorbent and metal. ∆H is the reaction enthalpy of the 286 
each sorbent, ∆x is the sorption quantity, Cs, Ceg, Cs,s are specific heat of multi-salt, ENG-TSA and stainless 287 
steel , ms, meg, ms,s are the mass of multi-salt, ENG-TSA and stainless steel. The ammonia part is included and 288 
calculated in the multi-salt part.  289 
When the metal and composite sorbent are cooled from the heat input temperature to output temperature, 290 
the sensible heat will be released. The mass of metallic part of the reactor is calculated as 5 times that of the 291 
composite sorbent for qualitative analysis[25]. 292 
    Proportion of the reaction heat released by multi-salt composite sorbent to the total heat output is as follow: 293 
               
R
out
Q
Q
                                  (10) 294 
Energy storage density of reaction heat for mass density: 295 
             
1
1
n
k k
ideal n
i i
H
ESD
M


 


               
             (11) 
296 
where ∆H is the reaction enthalpy of the sorbent, M is the mass of the multi-salt composite sorbent. The symbol i 297 
and k are used separately since one kind of sorbent may proceed two reaction processes.  298 
Total heat output for mass density: 299 
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                 (12) 
300 
 301 
4.3. Performance analysis 302 
Table 1 shows theoretical performance analysis of each selected salt for energy storage density. The 303 
parameters of m and n in the Table 1 can be referred to the Equation 13. Results show that the equilibrium 304 
desorption temperature is calculated when the heat sink temperature is assumed as 25 
o
C. It can be noted that the 305 
equilibrium desorption temperature range from 43.3 
o
C to 146.4 
o
C, in which CaCl2 take two reaction stages in 306 
this temperature range. For each selected salt for multilevel STES, the theoretical energy density is higher than 307 
750 kJ/kg, which is about 2-5 times than that obtained with latent heat storage method by using PCM on basis of 308 
heat release and mass of the salt [7, 26]. NH4Cl gains the highest energy storage density which is about 1654 309 
kJ/kg. This is mainly due to its reasonable reaction heat and relatively lower molar mass.  310 
3 3 3( ) NH NH NHsalt n m H salt n m                       (13) 311 
 312 
Table 1 Theoretical performance analysis of selected working pairs for thermal energy storage. 313 
Salt Reaction 
coefficient m 
Reaction 
coefficient n 
Molar mass 
(g/mol) 
Equilibrium desorption 
temperature(
o
C) 
Energy 
density(kJ/kg) 
MnCl2 6/2 4 2 308.7 146.4 1509 
CaCl2 4/2 2 2 110.8 95 763 
CaCl2 8/4 4 4 110.8 83 1481 
NH4Cl 3/0 3 0 53.4 43.3 1654 
 314 
Fig.10 indicates the energy storage density of bi-salt and tri-salt composite sorbents based on the reaction 315 
heat. As the Fig.10a shows, the energy storage density of bi-salt composite sorbent under non-equilibrium 316 
condition still has some similarities with that of equilibrium condition when the temperature is higher than 60 
o
C. 317 
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Under equilibrium condition, performance of the bi-salt composite sorbent displays three stages i.e. 827 kJ/kg, 318 
1567.5 kJ/kg and 1949 kJ/kg. For non-equilibrium condition, when the temperature is higher than 95 
o
C, the 319 
highest energy storage density of bi-salt composite adsorbent could reach 1949 kJ/kg. With temperature 320 
increasing from 83 
o
C to 95 
o
C, the energy storage density is in the vicinity of 1550 kJ/kg. When temperature 321 
below 83 
o
C, the results almost show the trend of continuous variation. Compared with equilibrium and 322 
non-equilibrium condition, it is indicated that the optimal application temperature range is from 60 
o
C to 83 
o
C, 323 
in which the novel multilevel STES technology with multi-salt composite sorbent will lead to the increment of 324 
energy density from 0 to 81%. 325 
For energy storage density of tri-salt composite sorbent as shown in Fig.10b, the results are much different 326 
from that of bi-salt composite sorbent. For equilibrium condition, it will proceed four stages i.e. 551.3 kJ/kg, 327 
1045 kJ/kg, 1299.3 kJ/kg and 1823.3 kJ/kg. For non-equilibrium condition, the highest energy storage density of 328 
tri-salt composite sorbent is 1823.3 kJ/kg, and it happens when the temperature is higher than 146.4 
o
C. One 329 
striking point is that with temperature increasing, there are no obvious stage of tri-salt composite sorbent under 330 
the non-equilibrium condition compared with that the equilibrium condition. This good phenomena is because 331 
the multi-salt composite sorbent shows the continuous variation of sorption quantity with the temperature 332 
increment. Also another reason is that sorption hysteresis is almost disappear for the tri-salt composite sorbent 333 
whereas there is still slight sorption hysteresis for bi-salt composite sorbent. In comparison with the performance 334 
of bi-salt composite sorbents under equilibrium and non-equilibrium conditions, it is demonstrated that 335 
temperature from 60 
o
C to 80
 o
C, 83
 o
C to 95
 o
C and 97 
o
C to 152
 o
C show the energy density increment from 0 to 336 
86%, 0 to 24% and 0 to 37%, respectively. This manifest the advantages of the multilevel STES with multi-salt 337 
composite sorbent, which will lead to the good capability for adaption to the variable heat source such as solar 338 
power in real application as shown Fig.9. 339 
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 340 
  
(a) (b) 
Fig.10. Energy storage density based on reaction heat (a) bi-salt, (b) tri-salt. 341 
 342 
The global conversion rate (X) is defined as the percentage of composite sorbent that reacted with the 343 
refrigerant, which is a key parameter to assess the working performance of STES system[27]. The overall heat 344 
output of bi-salt and tri-salt composite sorbent with different global conversion rate X is shown in Fig.11. 345 
Results show that overall heat output is very sensitive to the global conversion rate, which increases remarkably 346 
with the increment of conversion rate. Also heat output of tri-salt composite sorbent is a little better than that of 347 
bi-salt composite sorbent. This is mainly because the sensible heat output of the tri-salt composite sorbent is 348 
higher than that of the bi-salt composite sorbent. The high global conversion rate is desirable for achieving the 349 
good performance of multilevel STES. When the conversion rate reach 0.8, the energy output of bi-salt and 350 
tri-salt composite sorbent could reach 1814 kJ/kg and 1913 kJ/kg, respectively.  351 
In order to evaluate the contributions of sensible heat and reaction heat of reactor with different global 352 
conversion rate X, the proportion of reaction heat released to the total heat output for bi-salt and tri-salt 353 
composite sorbent is analyzed and compared as shown in Fig.12. This proportion is an important analysis 354 
parameter since it is related to the seasonal STES performance. Results indicate that the proportion of reaction 355 
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heat released to the total heat output is higher than 60% when global conversion rate X is higher than 0.2, which 356 
means the reaction heat of reactor plays a main contribution for multilevel STES. Also noting that proportion of 357 
the reaction heat released to the total heat output for bi-salt and tri-salt composite sorbent increases with the 358 
increment of the conversion rate. Besides, the proportion of bi-salt composite sorbent is higher than that of the 359 
tri-salt composite sorbent with the increment of the conversion rate. When the conversion rate reach 0.7, 360 
proportion of the reaction heat released by multi-salt composite sorbent to the total heat output for bi-salt and 361 
tri-salt are 83% and 73%, respectively. 362 
 363 
Fig.11. Overall heat output for bi-salt and tri-salt. 364 
 365 
Fig.12. Proportion of the reaction heat released by multi-salt to the total heat output for bi-salt and tri-salt. 366 
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 367 
 368 
5. Conclusions 369 
In order to analyze the performance of multilevel STES, sorption performance of multi-salt composite 370 
sorbent under non-equilibrium condition is investigated for comparison with that under the equilibrium 371 
condition. Expanded natural graphite treated with sulfuric acid (ENG-TSA) is integrated as the matrix with 372 
different mass ratios for heat transfer intensification. Conclusions are yielded as follows: 373 
[1] The Clapeyron lines and isobaric sorption/desorption lines of bi-salt and tri-salt composite sorbents 374 
show that each kind of salt distributes well in the multi-salt composite sorbent. Sorption hysteresis of 375 
bi-salt is much less significant than that of the single salt composite sorbent. Still sorption hysteresis 376 
phenomenon is almost disappear for the tri-salt composite sorbent. Multi-salt composite sorbent may 377 
be one potential solution to the sorption hysteresis. 378 
[2] For bi-salt composite sorbent under non-equilibrium conditions, when the temperature is higher than 379 
95 
o
C, the highest energy storage density for reaction heat of bi-salt composite adsorbent will reach 380 
1949 kJ/kg. With temperature increasing from 83 
o
C to 95 
o
C, the energy storage density is in the 381 
vicinity of 1550 kJ/kg. When temperature below 83 
o
C, the results show almost continuous variation. 382 
Comparably, for tri-salt composite sorbent under non-equilibrium conditions, the highest energy 383 
storage density for reaction heat of tri-salt composite sorbent is 1823.3 kJ/kg when the temperature is 384 
higher than 146.4 
o
C. With temperature increasing, there are no obvious stage of tri-salt composite 385 
sorbent for the non-equilibrium condition when compared with that the equilibrium condition. 386 
[3] The overall heat output is very sensitive to the global conversion rate, which increases remarkably 387 
with the increment of conversion rate. Overall heat output of tri-salt composite sorbent is a little better 388 
than that of bi-salt composite sorbent. When the conversion rate reach 0.7, the energy output of the 389 
bi-salt and tri-salt composite sorbent will be 1667 kJ/kg and 1730 kJ/kg, respectively.  390 
[4] Proportion of the reaction heat released to the total heat output for bi-salt and tri-salt composite 391 
sorbent increases with the increment of the conversion rate. The proportion of bi-salt composite 392 
sorbent is higher than that of the tri-salt composite sorbent with the increment of the conversion rate. 393 
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When the conversion rate reach 0.7, proportion of the reaction heat released by multi-salt to the total 394 
heat output for bi-salt and tri-salt composite sorbent are 83% and 73%, respectively. 395 
 396 
With the potentially wide use of TES technology for solar power in the near future, multilevel STES 397 
technology of the multi-salt composite sorbent could be considered as a method to solve the problem for solar 398 
power storage and utilization. Besides, the sorption results of the testing rig only reflect the relation between 399 
sorption quantity, sorption temperature and pressure. Therefore, performance of multi-level STES by using the 400 
multi-salt composite sorbent is analyzed based on the testing sorption quality and theoretical reaction heat. Our 401 
future study should be emphasized more on the testing method to gain the accurate reaction heat for further 402 
analysis of this technology. 403 
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